Several lines of evidence suggest that as dark matter haloes grow their scale radius increases, and also the density in their central region drops. Major mergers seem an obvious mechanism to explain both these phenomena, and the resulting patterns in the concentration-mass-redshift relation. To test this possibility, we have simulated equalmass mergers between haloes with a variety of cosmological density profiles, placed on various different orbits. The remnants typically have higher densities than the initial conditions, but differ only slightly from self-similar scaling predictions. They are reasonably well fit by Einasto profiles, but have parameters distinct from those of the initial conditions. The net internal energy available to the merger remnant, relative to the internal energy of the initial conditions, κ, has the greatest influence on the properties of the final mass distribution. As expected, energetic encounters produce more extended remnants while mergers of strongly bound systems produce compact remnants. Surprisingly, however, the scale radius of the density profile shows the opposite trend; increasing in the remnants of low-energy encounters relative to energetic ones. Even in the most energetic encounters, the density within the scale radius decreases only slightly (by 10-20%), while for very low-energy systems it increases significantly after the merger. We conclude that while major mergers can produce remnants that are more diffuse at large radii, they are relatively ineffective at changing the central densities of haloes, and seem unlikely to explain the mean trends in the concentrationmass-redshift relation.
INTRODUCTION
Dark matter haloes play a central role in our current understanding of cosmological structure formation, being the site of all visible galaxy formation. While observational tests including galaxy kinematics (e.g. Ouellette et al. 2017) , satellite kinematics (e.g. Guo et al. 2012 ) and weak and strong gravitational lensing (e.g. Umetsu et al. 2016 ) place important constraints on halo properties, most of our detailed knowledge of halo structure comes from numerical simulations. A remarkable property of dark matter haloes discovered in cosmological simulations is the existence of a nearly universal density profile, regardless of mass or cosmological model (Navarro et al. 1996 (Navarro et al. , 1997 , commonly approximated E-mail: ndrakos@uwaterloo.ca by the Navarro-Frenk-White (NFW) form, ρ(r) = ρ0r 3 s r(r + rs) 2 ,
where ρ0 is a characteristic density and rs is the scale radius, describing the point where the logarithmic slope is d ln ρ/d ln r = −2. Though NFW profiles are still commonly used in the literature, dark matter halo density profiles are slightly better described by Einasto profiles (e.g. Navarro et al. 2004; Gao et al. 2008; Klypin et al. 2016) , which can be expressed as:
ρ(r) = ρ−2 exp − 2 αE r r−2
where αE is the Einasto shape parameter and r−2 is the radius where the logarithmic slope is −2. The mean density of dark matter haloes within their outer, virial boundary scales with the mean or critical back-ground density at the epoch at which they are observed, but is the same for all haloes at that epoch, independent of mass or growth history. On the other hand, the central densities of haloes at any one epoch can vary considerably, depending on their concentration. The concentration parameter c was originally defined in terms of the NFW density profile as c = rvir/rs, where rvir is the virial radius. This definition can be extended to the Einasto profile by taking rs = r−2; this definition does not capture the effects of αE on the central density of the halo (Klypin et al. 2016) , however. An alternative, profile independent, definition of concentration is based on the ratio of the maximum circular velocity to the virial velocity v peak /vvir (Prada et al. 2012; Klypin et al. 2016) , which is monotonically related to the original definition of c.
For an individual halo, the evolution of the concentration parameter is linked to the halo's merger history (e.g. Navarro et al. 1997; Bullock et al. 2001; van den Bosch 2002; Zhao et al. 2009; Wong & Taylor 2012; Klypin et al. 2016) . These previous studies have established that haloes undergo two main phases of mass accretion. In the first, rapid phase, the concentration parameter remains roughly constant, with a value of c ≈ 3. In the second, slow phase, the concentration parameter grows as the virial radius increases while the scale radius remains fixed. The increase in mass and concentration during this second phase is mainly due to the decreasing reference density, and is therefore sometimes referred to as pseudo-evolution (e.g. Diemer et al. 2013 ). Averaged over many systems, these patterns give rise to the mean concentration-mass-redshift relation, in which concentration generally decreases with increasing mass (e.g. Navarro et al. 1996 Navarro et al. , 1997 Jing 2000; Bullock et al. 2001 ), except at the largest masses, where velocity-based definitions can increase again (e.g. Klypin et al. 2016 ).
An important implication of previous measurements of the concentration-mass-redshift relation is that the inner scale radius must increase as haloes grow. In cosmological simulations, the median concentration of haloes of a given mass evolves with redshift as c ∼ c0(1+z) −1 , as first demonstrated by Bullock et al. (2001) , or possibly as c ∼ c0ρ −1/3 c , as pointed out by Pilipenko et al. (2017) . This would correspond to the scaling of the virial radius for an object of fixed mass, that is an isolated system surrounded by a void. Haloes never exist in complete isolation, however; as the virial radius increases, it will enclose more matter, increasing both the total mass and the virial radius further. Thus, the net growth will go as rvir ∝ (Mvir/ρc) 1/3 , rather than c ∝ ρ −1/3 c . For concentration to scale as c ∝ ρ −1/3 c , the scale radius must therefore increase as M 1/3 vir as well. A similar conclusion was reached by Zhao et al. (2003) , who showed directly that rs increases during the period of rapid accretion. Provided rs increases as M 1/3 vir , the density at or within one scale radius will remain constant, while the density within a fixed physical radius increases.
This prediction seems puzzling given several other pieces of evidence that central density must decrease as haloes grow. The first was discovered by Nusser & Sheth (1999) , who showed that in the absence of any rearrangement of the pre-existing material, accretion onto the outside of a halo would produce a structure with a central density much higher than that of haloes in cosmological simulations. A second piece of evidence comes from simulations of the first haloes by Ishiyama (2014) . Evolving these down to a final redshift of z = 32, they found central densities that were once again much higher at fixed physical radius than expected from extrapolations of the lowredshift concentration-mass-redshift relations (Okoli et al. 2018) . From both these studies, the implication is that there must be some mechanism that rearranges the central parts of haloes, causing the mass distribution to expand and decreasing the central density. Given the work of Nusser & Sheth (1999) , this mechanism must be distinct from slow accretion and associated with periods of rapid growth; thus major mergers seem an obvious candidate.
Isolated major mergers between otherwise undisturbed systems are rare in a cosmological context, and thus the effects of major mergers are best studied through controlled simulations of isolated systems (e.g. Boylan-Kolchin & Ma 2004; Aceves & Velázquez 2006; Kazantzidis et al. 2006; Zemp et al. 2008; Vass et al. 2009; Ogiya et al. 2016; Drakos et al. 2018) . Most authors find that haloes are robust to major mergers; in particular, it appears that the slope of the steepest halo is preserved (Boylan-Kolchin & Ma 2004; Aceves & Velázquez 2006; Kazantzidis et al. 2006; Zemp et al. 2008; Vass et al. 2009 ), and there is also some suggestion that concentration does not change (Kazantzidis et al. 2006) . However, the simulations of Moore et al. (2004) suggest that concentration can decrease in major mergers, provided the initial encounter has sufficient angular momentum. Furthermore, the simulations of (Ogiya et al. 2016) suggest that if the inner slopes of the dark matter haloes are particularly steep (as in the case of primordial haloes), major mergers can also cause a decrease in the inner slope (again with some orbital dependence).
In a recent study, (Drakos et al. 2018 , hereafter Paper I), we performed a large number of isolated major merger simulations, covering a wide range of initial halo models and orbital parameters to study how the spin, size and 3D shape of merger remnants depend on the initial conditions and the orbital parameters describing the encounter. We showed that the spin and shape of merger remnants depends mainly on the angular momentum and energy of the merger. In the current paper, we will consider how the characteristic radii, density profile, and concentration parameter depend on orbital properties and initial conditions. Our main goal is to determine whether major mergers are a viable mechanism for increasing scale radius and/or decreasing central density, and if so, under which conditions. The outline of the paper is as follows: in Section 2 we briefly review our method for generating initial conditions, and the merger simulations from Paper I. In Section 3, we examine the overall behaviour of the density profile and various characteristic radii. In Section 4, we show the results of fitting analytic density profiles to the remnants, and in Section 5, we consider the implications for the concentration parameter. We summarize and discuss our results in Section 6.
SIMULATIONS
In this section we briefly outline the merger simulations. For a more detailed explanation of the simulations, see Paper I.
Initial Profile Models
The halo initial conditions (ICs) were created using the public code ICICLE (Drakos et al. 2017) . We considered six different halo models. Two were NFW models truncated using an exponential cutoff (NFWX), and two were NFW models truncated by iteratively removing unbound particles outside a specified radius (NFWT). The last two models were Einasto profiles (Ein), one with a low shape parameter αE = 0.15, and one with a high shape parameter αE = 0.3. These values of αE span the range found in cosmological simulations by Gao et al. (2008) . The Einasto profiles were not truncated, as the total mass converges to a finite value with increasing radius. The properties of the profiles are summarized in Table 1 . The simulation units were chosen so that the gravitational constant G, the peak circular velocity, v peak , and the radius at which the circular velocity peaks, r peak , are all unity. Setting G = M peak = r peak = 1 produces a time unit tunit = r 3 peak /GM peak , a density unit ρunit = M peak /r 3 peak , and an energy unit Eunit = GM 2 peak /r peak .
Orbits
For each of the six density profiles, we simulated encounters between two identical haloes with that profile, the first initially at rest and the second on a specific initial orbit. We considered 23 different orbits; 12 with a purely radial (R), and 11 with a purely tangential (T) initial velocity in the frame of the first halo. The haloes had an initial separation of rsep = 2, 5 or 10 r peak and an initial velocity of v0 = 0.2, 0.8 or 1.2 vesc, where vesc is the escape speed of a point mass located at rsep. For v0 = 1.2 vesc, tangential orbits do not produce a bound remnant, so we did not simulate tangential orbits with this highest velocity.
In Paper I, we found that the 3D shape of the final merger remnant depends on the energy and angular momentum of the initial orbit. The dependence is simplest when expressed in terms of dimensionless energy and spin parameters κ and λ:
Here E 0 and E0 are the internal energies of the remnant and of the initial halo, while M and M are their respective masses. The definition of the energy parameter includes the factor (M/M ) 5/3 , since the energy scales as E0 ∝ M 2 /r ∝ M 5/3 for self-similar growth, that is growth that conserves the mean density and the form of the density profile. Given this definition, κ = 1 corresponds to a final remnant that is self-similar to the initial conditions, κ < 1 indicates that the remnant is less bound than the progenitor, and κ > 1 indicates it is more bound. The dimensionless spin parameter follows the definition of Peebles (1969) , as discussed in Paper I. The range of κ and λ used is shown in Figure 1 .
Conveniently, both κ and λ can be calculated directly from the initial conditions using conservation laws. Specifically, the angular momentum J and internal energy E 0 of the remnant can be calculated given the radial separation rsep, the initial velocity v0, the orbital energy E orb , the internal energy of the initial halo E0 and the mass of the initial halo M :
NET CHANGE IN THE MASS DISTRIBUTION
In this section, we explore how the density profile changes from the initial conditions to the final remnant. As in Paper I, the properties of the final remnant are measured at time 300 tunit, by which time they have fully relaxed.
General Results
In Fig. 2 we show the final density profiles of the remnants, compared to the initial halo models (dashed grey lines). The density increases at any given radius for all remnants. We also show the initial profiles with the the radii scaled by 2 1/3 (dotted black lines); this is the scaling expected for self-similar evolution in an equal mass merger, since it will conserve the mean density as the mass doubles.
The final remnants have been coloured by the relative energy parameter, κ. At small radii, the changes in the profile compared to the scaled ICs are subtle, and the inner slope is roughly conserved, in agreement with previous studies (Boylan-Kolchin & Ma 2004; Aceves & Velázquez 2006; Kazantzidis et al. 2006; Zemp et al. 2008; Vass et al. 2009 ). At large radii, the changes in the density profile are more obvious, as mass has moved outwards, relative to the scaled ICs. (Admittedly, some of this is likely due to the artificially truncated nature of the ICs.) The panels have been divided into orbits with radial (R) or tangential (T) initial velocities; as shown in Paper I, these orbits should produce remnants with different 3D shapes. Interestingly, orbital angular momentum has little effect on the spherically averaged density profile. There does, however, seem to be a systematic change in the density profile with κ; remnants of low κ encounters have more power-law like profiles (low Einasto alpha parameters), whereas remnants of high κ encounters have more sharply truncated profiles (high Einasto alpha parameters). Since the change in the density profile is difficult to see, particularly at small radii, in Fig. 3 we also plot the enclosed mass fraction within a given radius versus the mean density within that radius. Note that the direction of the xaxis has been reversed here, since large densities correspond to small radii. In this plot it is clear that the mass distribution changes even at small radii. The remnants evolve in a monotonic sequence with κ, with higher κ values producing denser remnants at all mass fractions. Again, we find little dependence on the angular momentum of the orbit. Comparing to the ICs, the final remnant curves lie roughly either inside or outside the IC curve, with the divide occurring at the self-similar energy, κ = 1. Sharply truncated profiles, such as NFWXFast, produce remnants with more diffuse outer regions, even for κ = 1. In a few instances, the remnant curves also cross over initial conditions or over curves of higher or lower κ, but it is not clear whether this behaviour is robust to changes in resolution.
Overall, it appears that the density profiles of the haloes evolve in a straightforward way that is mainly dependent on κ. In general, some mass is ejected to large radii, but the central density does not decrease significantly compared to predictions from self-similar scaling. Surprisingly, there is little difference between the remnants produced by radial and tangential encounters. One implication is that the spherically averaged density profile of a remnant is unrelated to its 3D shape, as we showed in Paper I that the shape of the halo does vary with the angular momentum of the encounter.
Evolution of Structural Parameters
The gravitational radius is as defined as
where P is the potential energy of the system. For a virialized halo, P = 2E0, and thus rg ∝ M 2 /E0. Given our previous definition of the relative energy change κ
and since both the initial and final halo are in virial equilibrium, we therefore have:
We verify this prediction in the left panel of Fig. 4 by calculating the gravitational radius directly from Equation 5, and find that it does indeed scale with 1/κ as expected. This relationship shows that larger values of κ (mergers between more highly bound pairs, where the total energy is more negative) result in less diffuse structures. The gravitational radius rg is also closely related to the half-mass radius, r 1/2 , the radius enclosing half the mass of the halo. As discussed in Binney & Tremaine (1987) , r 1/2 /rg can range from about 0.4 to 0.5 depending on the system's density profile; thus in general we can estimate that r 1/2 /rg ≈ 0.45 to good approximation. The middle panel of Fig. 4 shows how the change in half-mass radius varies as a function of κ. There is a monotonically decreasing relationship between κ and r 1/2 /r 1/2 , though it shows more scatter than the relationship between r g /rg and κ. The dotted lines show where r 1/2 /r 1/2 = 2 1/3 , as expected for self-similar evolution. The prediction from Equation 7, assuming r 1/2 is proportional to rg, is also shown (red-dashed line). The solid black line is a fit to the data, r 1/2 /r 1/2 = 1.2κ 2 − 3.8κ + 3.9; the RMS scatter with respect to this fit is 0.06.
We see that the simulation results go through the selfsimilar expectation at κ = 1. They also agree with the prediction from Equation 7, except at low κ (less bound mergers). To see why this is, in the right panel of Fig. 4 we show r 1/2 vs r g . The dotted line corresponds to r 1/2 ≈ 0.45rg. For the most part, the remnants obey the expected relationship, with the exception of two points, corresponding to the simulations with the lowest κ values. This deviation from the expected relationship may indicate a departure from selfsimilarity.
A characteristic radius of particular interest is the scale radius, r−2 (the radius at which the logarithmic slope of the density profile is −2), since this radius is the basis for the traditional definition of the concentration parameter. The scale radius is difficult to measure accurately, since it requires numerical differentiation; to help with this, we apply a Gaussian smoothing kernel with a σ = 0.1 ln r peak to the derivative of the profile d ln ρ/d ln r. We note, however that the resulting value of r−2 is somewhat sensitive to the degree of smoothing, and thus we expect some scatter in the results. In the next section, we will also measure r−2 using the more commonly employed method of profile fitting, and compare the results to those obtained here in Appendix B.
Despite the greater scatter in the measurements, Fig. 5 shows a clear trend in the scale radius with κ. Unlike rg or r 1/2 , however, r−2 generally increases with increasing κ, matching the self-similar prediction at κ = 1 (black dotted lines). The solid black line is a fit to the simulation results, r −2 /r−2 = 0.75κ + 0.41. This fit has an RMS scatter of 0.3, although the scatter is smaller for κ < 1 and much larger for κ > 1. Interestingly, the lower κ mergers seem to leave the scale radius, r−2 unchanged, or even decrease it slightly. This is surprising, since these correspond to more 'violent' encounters with more initial kinetic energy. Naively, these mergers might be expected to heat up the central parts of the haloes, producing a remnant with lower central density and a larger scale radius. Fig. 3 shows that while the profile of the remnant has expanded relative to the self-similar prediction, the resulting density change is much larger at large radii than at small radii. As a result, the scale radius does not necessarily increase, and can even decrease.
To understand why the scale radius increases with κ, while other radii decrease, in Fig. 6 we plot ρr 2 versus radius. The peak of the curve indicates the radius at which r = r−2. We note several interesting features. First, the profiles become more sharply peaked (i.e. they have higher Einasto alpha parameters) for larger values of κ. Second, the curves are not completely smooth, but have several small variations relative to the scaled initial conditions. These might appear to be noise in density profiles, but the fact that they reoccur at similar radii in simulations with different κ values (e.g. in the NFWT15 R or NFWXSlow R panels) suggests that they are real features in the remnants. For very flat profiles such as the EinLow simulations, these features make the scale radius hard to measure and add scatter to the measured values.
Third, if we consider the difference between the scaled initial conditions (dotted black lines) and the final remnants, we see that the largest changes in density are at, or past, the scale radius. At small radii, the density changes less, and only ever drops ∼10% below the corresponding value for the scaled ICs. The net effect of the density changes being larger at large radii is that while low κ simulations produce more extended profiles (see Fig. 2 ), they actually have smaller scale radii. Conversely, very bound (high κ) remnants have large scale radii, but are then truncated abruptly beyond this radius.
To calculate a concentration parameter, we also need to define a virial radius, rvir. Strictly speaking, the concept of the virial radius normally applies to systems that are accreting continuously from the surrounding density field; there is no clear definition for this quantity in our isolated simulations. In practice, however, the virial radius in cosmological simulations is usually defined as the radius within which a system has a mean density equal to some multiple ∆vir of the background density. By analogy, we will consider two 'virial radii' that enclose mean densitiesρ = 0.1 ρunit and 0.008 ρunit, respectively. Given our choice of units, for an NFW profile these would correspond to 3 and 10 times the scale radius, respectively (or concentration parameters of c = 3 and c = 10), in our initial conditions. (Given these definitions, we also note that the 'virial mass' within each of these radii will scale as Mvir ∝ r 3 vir .) Fig. 7 shows the change in these radii as a function of κ. The solid lines are fits to the data; r vir /rvir = 0.38κ + 0.87 (top) and r vir /rvir = 0.21κ + 1.02 (bottom), with an RMS scatter of 0.03 for both. Overall, the relationship between rvir and κ is monotonic, and fairly tight, with some possible dependence on the initial profile. As with the scale radius, the change in the virial radius increases with κ. Thus, while the remnants produced by more energetic encounters are larger and more diffuse, a virial radius defined in terms of enclosed density is actually smaller for these systems. We note, however, that the slopes of the virial radius-κ relations (0.38 and 0.21, for the two density thresholds) are both shallower than the relation for the scale radius (0.7). Thus, although the density change relative to self-similar scaling is larger in the outer parts of the remnant (as shown in Fig. 3 ), the relative change in size is smaller at larger radii than at smaller radii.
Finally, we examine how the peak circular velocity, v peak , and the corresponding radius, r peak , vary from the initial conditions to the final remnant. Fig. 8 shows the relative changes in r peak (top) and v peak (bottom) as a function of the relative energy change, κ. The solid black lines are fits to the data r peak /r peak = 0.25κ + 0.96 (top) and v peak /v peak = 0.45κ + 0.82 (bottom); the RMS scatter with respect to these are 0.10 and 0.04, respectively. The solid black line is a fit to the data v peak /v peak = 0.45κ + 0.82, the RMS scatter with respect to this is 0.04. The relative change in peak velocity increases approximately linearly with κ. The relationship between r peak and κ is more complicated; here the points follow two trends. The low-energy simulations generally produce remnants with peak radii close to those of the initial conditions, that is to say smaller than the selfsimilar expectation, while for the high-energy simulations r peak generally increases linearly with κ, passing through the self-similar value at κ = 1. There are a number of exceptions to these trends, however, notably the simulations with EinLow profiles.
In summary, comparing the characteristic radii rg, r 1/2 , r−2, rvir and r peak in the initial conditions and in the final remnant, we find that while rg, r 1/2 decrease with increasing κ, the scale radius r−2, rvir and r peak all increase with κ. In Paper I, we found that the size of haloes, measured as the average particle distance from the halo centre, decreased with κ as κ −5 . The results in the current paper indicate that while the radii rg and r 1/2 also decrease (albeit as κ −1 ), the characteristic radii r−2, rvir and r peak all increase roughly linearly with κ. Clearly the changes in the profile are complicated and non-self-similar, suggesting that the behaviour of the concentration parameter may be complicated. Finally, since there is a considerable literature investigating how the inner slope of halo profiles evolve in mergers, we have also included a discussion of this point in Appendix A.
PROFILE FITTING
In the previous section, we examined how the overall mass distribution and the characteristic radii evolve in major mergers. In this section, we fit analytic NFW and Einasto profiles to the remnants, and discuss how well these analytic forms describe the remnants.
Methods
To determine the NFW parameters (rs, ρ0) or the Einasto parameters (r−2, ρ−2, αE), we fit the circular velocity profiles using a χ 2 minimization procedure. Though previous studies generally fit the density profile directly (e.g. Neto et al. 2007; Duffy et al. 2008; Dutton & Macciò 2014; Meneghetti et al. 2014) , fitting the circular velocity is less susceptible to noise, as discussed in Vera-Ciro et al. (2013) .
The data was binned in logarithmic radial bins, with each bin centred on ln ri. As in Vera-Ciro et al. (2013 , we fit the profiles by minimizing
where N bins is the number of bins, vc is the circular velocity of the fitted profile at radius ri, and vc,i is the circular velocity of the simulated halo at ri. The fit was performed between three times the softening length and the radius at which the mean enclosed density wasρ = 0.01 ρunit. Though we present both NFW and Einasto fits, it has been shown that concentrations from Einasto fits are more robust to variations in fitting details, such as the radial range (Gao et al. 2008 ). Fig. 9 shows the merger remnants of radial mergers with EinHigh (left) and NFWXSlow ICs (right). Einasto profiles provide a much better description of the remnants in both cases. This may not be surprising, given that the ICs had either Einasto or truncated profiles. Even for the Einasto profile, however, there is a change in the αE parameter. These results demonstrate that the profiles of the remnants are not, in general, NFW, nor are they self-similar to the ICs. Fig. 10 shows the changes in the NFW parameters ρ0 and rs as a function of κ. The density parameter, ρ0, increases for all the simulations, but has little dependence on κ. The change in the scale radius, r s /rs, generally increases with increasing κ, as was found previously from direct fitting (cf. Fig. 5 ). Neither parameter matches the self-similar prediction for κ = 1 (where the dotted lines intersect). In fact, for most of the simulations, r s /rs < 2 1/3 , i.e. rs is smaller than expected from self-similar evolution. A notable exception are the EinLow simulations (purple squares); these ICs are the most massive, extended profiles, with low αE parameters, and most of the EinLow remnants have fairly flat logarithmic slopes to their density profile, as illustrated in Fig. 6 . We also note that there appears to be a some systematic dependence on the initial halo model in both sets of results (as indicated by the point colour).
Fits to Individual Remnants
The lowest-energy simulations (high κ values, indicated with a grey ellipse) appear to behave slightly differently from the other simulations; the density increases more than for the other simulations, while the trend in rs with κ is reversed at these energies. This change in behaviour may indicate that these remnants are no longer well fit by NFW profiles, but it is hard to see the full behaviour at high κ given the sparse sampling of the simulations in this range. In what follows, we will generally distinguish three groups of simulations with somewhat distinct behaviour: the EinLow simulations, the lowest-energy (highest κ) simulations, and the rest of the simulations, which follow a simpler trend.
Similarly, the variations in the three Einasto parameters αE, ρ−2 and r−2 are shown in Fig. 11 . The variations in αE and ρ−2 are roughly independent of κ, although, as with the NFW parameters, the high-κ simulations (indicated by the grey ellipse) differ considerably from the others, producing remnants with higher αE and ρ−2 values. Variations in r−2 have a stronger dependence on κ; r−2 generally increases more for larger values of κ, though once again the high-κ simulations deviate from the main pattern (these are also the only cases where the Einasto αE parameter increases). As with the NFW profile, for all three Einasto parameters, the main trends do not match the prediction for self-similar scaling when κ = 1. This could be because the profile is not perfectly described by an Einasto model, especially in the outer regions, and the parameter values are very sensitive to the exact profile fit. Our model predictions from Equations 9a-9c are shown as dashed lines, for two values of E0. These seem reasonable for κ = 0.7-1.2; outside this range our sampling of parameter space is sparse, so the behaviour is less clear.
To assess how well the halo remnants are fit by NFW and Einasto models, we performed a χ 2 test between the density profile and the NFW and Einasto fits, within the radius where the mean enclosed density wasρ = 0.1 ρunit. We found that for the Einasto fits, χ 2 ranged from 0.04 to 0.38 with a median value of 0.13, while for the NFW fits, χ 2 ranged from 0.10 to 0.46 with a median value of 0.2; typically EinLow remnants had the largest χ 2 values for both models. Overall, these results suggest that the remnants are slightly better described by Einasto profiles than by NFW profiles.
In summary, we find that the remnants of equal-mass binary mergers are not self-similar to their ICs, but are fairly well described by Einasto profiles. Changes in the halo profile depend mainly on the relative change in internal energy, κ, though there is also some dependence on the initial model of the halo.
Analytic Model of Profile Changes
Ultimately, we would like a synthetic prediction for how the profile of the remnant will differ from that of the initial conditions. We can specify the relationship fully by determining the changes in the three Einasto parameters, αE, ρ−2 and r−2, as a function of the ICs and/or merger parameters. Clearly, we need three independent equations to predict the changes in these three parameters. Ideally, we would use the equations for r 1/2 , v peak and rvir derived in Section 3.2, since they have little dependence on the initial halo model. In practice, however, we have found that this method does not work well, as the Einasto parameters are very sensitive to small variations in these equations. Instead, we determine the three Einasto parameters from profile fits to the merger remnants, and fit directly for the dependence on κ and E0. We assume that the dependence is at most quadratic in both variables. The resulting fits are: Figure 9 . Density profile, ρ (top), ρr 2 (middle) and the circular velocity curve v circ (bottom) for two example remnants. The initial ICs were either EinHigh (left) or NFWXSlow (right), and merged on a radial orbit at a separation of 10 r peak with an initial velocity of 0.8 vesc. The remnant and ICs are shown with solid black and dotted green lines, respectively. The ICs have been scaled as expected for self-similar evolution in an equal-mass merger; i.e., the radii and velocities have been scaled by 2 1/3 . The best fit NFW (blue dash-dot line) and Einasto (red dashed line) profiles are also shown. Fig. 12 shows how the predicted Einasto parameters compare to those derived from profile fits to the individual remnants. The RMS scatter with respect to the fit is 0.02, 0.05, and 0.03 for the top, middle and bottom panels respectively. In general, the scatter is fairly small, except for the EinLow profile (purple squares). This is the most extended of our ICs, with a large fraction of its mass at large radius, possibly explaining the deviations from the general trend. Overall, we conclude that Equations (9a)-(9c) provide a good description of the final remnant, as a function of the ICs and the orbital parameters (specifically κ).
IMPLICATIONS FOR CONCENTRATION CHANGES
Having described how the profile of the remnant depends on the ICs and the merger parameters, we will now consider the implications for the evolution of the concentration parameter. 
Definitions of Concentration
For an NFW profile, the concentration parameter is defined as
where r−2 is the radius where the logarithmic slope of the density profile is d ln ρ/d ln r = −2, and rvir is the virial radius, typically defined in simulations as the radius at which the average density of the halo exceeds a reference background density ρ ref by a factor ∆. A common choice is ρ ref = ρc, the critical density, and ∆ = 200 (Navarro et al. 1996 (Navarro et al. , 1997 . There are several methods for measuring concentration in simulated haloes; most commonly r−2 is determined through profile fitting and rvir is defined in terms of the enclosed mean density, but concentration can also be determined indirectly by measuring other properties, such as the peak circular velocity (Prada et al. 2012; Klypin et al. 2016) or the mean density profile (Alam et al. 2002; Diemand et al. 2007) , and inverting the relationship between these properties given an assumed theoretical profile. These different methods should all agree for NFW profiles, but can give different answers when the density profile is not NFW.
As discussed in Prada et al. (2012) and Klypin et al. (2016) , determining the concentration from the ratio of the peak circular velocity to the circular velocity at the virial radius,
may be more justified than profile fitting, since it accounts for differences in the Einasto shape parameter, αE that affect the central concentration of the mass distribution. Additionally, calculating R does not require any assumption about the profile.
Since R is monotonically related to c = rvir/r−2, to convert from R to the concentration, cR, one can assume a profile (e.g. NFW or Einasto), and use the formula:
where f (x) is the mass profile for the specified profile and x peak ≡ r peak /r−2 (Klypin et al. 2016 ). Fig. 13 shows concentration, c, as a function of R for NFW and various Einasto profiles. To calculate f (x peak ), for Einasto profiles, we used the approximation x peak ≈ 3.15 exp (−0.64α (Klypin et al. 2016) .
None of the usual methods for calculating c are welldefined in non-cosmological simulations, however, as they use a virial radius defined in terms of a mean background density. One approach to measuring relative changes in concentration, without needing to define a virial radius, is to scale the profiles so that they have the same v peak , and then scale r peak by the same factor (Moore et al. 2004 ). The concentration change can then be inferred from ratio of the intial r peak to the shifted remnant r peak . Mathematically, this can be expressed as:
where c M is the concentration of the remnant, and cM is the concentration of the original halo. For self-similar haloes with the same concentration, scaling the radii of the haloes so they have the same peak circular velocity ensures they have the same virial radius (since it accounts for the increase in mass). The radius at the peak circular velocity, r peak then scales as r−2 if the profile remains the same. The disadvantage to this method is that it assumes the remnant is self-similar to the initial profile, and that the background density remains constant. Since this definition is strongly dependent on the assumption of self-similar evolution, and we have demonstrated major mergers are not, in general, self-similar to the ICs, we will not use this definition to calculate concentration. However, for completeness, we present results using this definition in Appendix B.
Concentration Changes
In this work, we track the net change in concentration from the ICs to the final remnant in three ways:
(i) using c = rvir/r−2, with r−2 measured directly from the logarithmic derivative of the density profile of the remnant, as the point where d ln ρ/d ln r = −2, smoothing with a Gaussian kernel of width σ = 0.1, while rvir was defined based on the enclosed density, as explained in Section 3.2.
(ii) using cEin = rvir/r−2, with values of r−2 and rvir determined by fitting an Einasto profile to the individual merger remnant, as described in Sections 4.1-4.2.
(iii) using R = v peak /vvir with v peak and vvir determined directly from the density profile of the individual remnant, as in Section 3.2.
Since the remnants are better described by Einasto profiles, we will not consider the concentration measured from the NFW fit, cNFW, however, we provide a comparison between cEin and cNFW in Appendix B. Figure 11 . The best fit Einasto parameters, α E , ρ −2 and r −2 (right), as well as the change in these parameters (left) as a function of the relative energy change, κ. The dotted lines are the expectations for self-similar evolution of the density profile. Colours and symbols are as in Fig. 1 . The dashed curves show the Einasto parameters predicted by the analytic fit (Equations 9a-9c). In the left panel we only show two values of E 0 , for clarity. The grey ellipse indicates the low-energy simulations that deviate from the main trend.
In Fig. 14 we show how the concentration parameters c, cEin, or R change with energy. The parameters c and cEin can decrease for the remnants of very low-energy mergers (large κ values), especially those with the very extended EinLow profile, but generally increase by 10-20% in most of our simulations. R remains almost constant; the only exceptions are the very high-κ simulations noted previously in Section 4.2. As with the changes in the Einasto parameters, there appears to be a dependence on the initial halo model, particularly for cEin. The trends in c Ein /cEin and R /R look somewhat similar. The ratio c /c obtained from direct measurements of the scale radius (method (i)) does not show the same increase in concentration at high κ values as the ratio derived from the Einasto fits (method (ii)); this could be because the haloes produced by mergers of very bound pairs are not as well approximated by the Einasto profile. From this plot, however, it appears that the profile-independent measurement of R /R shows a similar increase in concentration for high κ simulations, so it is more likely due to the numerical difficulty with measuring c /c directly. Finally, we note that R can be mapped on to an equivalent (radial) concentration parameter cR; testing this inversion, we find that while cEin and cR agree roughly, there is considerable (∼20%) scatter between the two. Overall, the pattern of concentration changes is complicated, depending on both κ and the initial halo model. Concentration measurements are very sensitive to the method used, and there is considerable scatter from one method to another. Regardless of the method used, however, we find that concentration usually increases in major mergers, except in the case of mergers between very bound pairs and/or between haloes with low αE parameters. It is surprising to find that major mergers rarely decrease concentration. This is somewhat contrary to the results by Moore et al. (2004) , who found that two NFW haloes merging on a high-energy orbit with a tangential velocity produced a remnant that was less concentrated than its progenitors. On the other hand, it is more consistent with the results of Kazantzidis et al. (2006) , as discussed further in Section 6.
Analytic Model for Concentration Changes
Ultimately, we wish to predict how concentration will change in major mergers. Our results indicate that the remnants of binary mergers are not, in general, self-similar to the ICs, but have properties that vary systematically with the energy of the system. Rather than determine concentration changes from direct fits to r−2, together with some arbitrary choice of . Figure 12 . Einasto parameters α E , ρ −2 and r −2 predicted by our fits (Equations (9a)- (9c)), versus the parameters values measured from the best fit profile to each remnant halo.
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. Figure 13 . Relationship between R = v peak /v vir and the concentration, c = r vir /r −2 for an NFW profile and Einasto profiles with varying α E parameters.
virial radius, we will use the analytic model from Section 4.3 to estimate how the profile will change, and then use that to calculate the corresponding change in concentration. Given the initial haloes, and the orbital parameters of the merger, a prediction for the resulting Einasto remnant can be determined from the analytic predictions for the Einasto parameters. Then, the virial radius can be calculated from solving ∆virρ b =ρ(rvir), whereρ is the mean enclosed density of the Einasto profile. The radius of the peak circular velocity can be found from the approximation r peak ≈ 3.15 exp (−0.64α 1/3 E )r−2 (Klypin et al. 2016) , and v peak and vvir from from the circular velocity profile vcirc = GM/r. In what follows, we refer to concentrations predicted by this analytic model as c analytic = rvir/r−2 or R analytic = v peak /vvir. Fig. 15 compares concentration values derived from the predicted profile changes using Equations (9a)-(9c) to concentrations measured from Einasto fits to individual profiles, for two choices of the virial radius. On the whole the two values agree fairly well; the RMS scatter between results and fit are 0.2 (top left), 0.4 (top right), 0.01 (bottom left), and 0.03 (bottom right), although once again much of this comes from the EinLow (purple square) simulations. From this plot it appears that the R prediction, R analytic , is more successful than the c prediction, c analytic . However, once the R values are mapped back to c (a mapping that is sensitive to the predicted profile), this is no longer the case. Overall, the concentration predictions presented here are accurate to within approximately 10%.
Implications for the Boost Factor
Concentration changes have important consequences for the central densities of haloes, and therefore the dark matter annihilation boost factor. The boost factor is defined as:
where ρ is the density of the halo, and V is a defined volume; (see, e.g., Okoli et al. 2018 , for a discussion). Since this calculation can be sensitive to the inner regions of the profile, we calculate the boost factor within the virial radius from the best-fit Einasto profile, assuming spherical symmetry in the remnant. Fig. 16 shows that the change in boost factor is correlated with the change in concentration, as expected. Interestingly, for all the simulations performed in this work, the boost factor always increases, even when the concentration decreases. This is because remnants that have a drop in concentration relative to the ICs have a large drop in αE as well, and for the range of concentrations considered in this study, lowering αE increases the boost factor (see Figure 1 from Okoli et al. (2018) ). We have compared these direct calculations of the boost factor to the values obtained assuming our scaling relations for the Einasto parameters, and find that they agree to ∼ 5% .
DISCUSSION
A number of lines of evidence suggest that major mergers play an important role in determining the properties of dark matter haloes. In this paper, we have performed over a hundred simulations of major mergers between identical, isolated haloes with various density profiles and initial orbits, and have tracked how the density profile of the remnant differs from that of the initial haloes. The differences are subtle, but indicate that the evolution from the initial to the Figure 14 . Net concentration change as a function of the relative energy change, κ. The concentrations are either determined using scale radii measured directly for individual profiles (top row), from the Einasto parameters determined from profile fitting (middle row), or derived from the velocity ratio R = v peak /v vir measured directly from the profile (bottom row). The virial radii were calculated using overdensitiesρ = 0.1 ρ unit (left) and 0.008 ρ unit (right). The dashed curves indicate c = c analytic recovered from the fits given in the text (Equations 9a-9c) , for two values of E 0 , as described in the following section. Colours and symbols are as in Fig. 1. final state is not self-similar, although the remnants are welldescribed by Einasto profiles. Relative to scaled initial conditions, the mass distributions of the haloes are rearranged in a systematic way, with low energy (high κ) mergers resulting in the mass moving inwards, while high-energy (low κ) mergers result in more extended haloes. Some halo properties depend mainly on κ (particularly the half-mass radius and the peak circular velocity), while others also depend on the initial halo model (e.g. the Einasto parameters αE, r−2 and ρ−2). A surprising result of our study is that while energetic mergers produce more extended mass distributions, they do not generally reduce the concentration parameter significantly, and they result in an increased central density, even compared to the expectation from self-similar scaling. In addition, although the scale radius generally increases after mergers, it does not increase as much as expected from self-similar evolution (e.g. Fig 11) . This suggests that major mergers do not fully explain the evolution of the central density or scale radius of haloes as they grow.
Considering the evolution of the halo mass profiles in detail, we find significant rearrangement of the mass distribution. If we define a virial radius corresponding to the density contourρ = 0.008 ρunit, for instance, we find that the final virial mass ranges from 1.3 to 4.1 times that of the ICs, where the expected value for self-similar evolution is 2. Previous studies of isolated major mergers have found that about 20-50% of the mass lies outside the virial radius (e.g. Kazantzidis et al. 2006; Valluri et al. 2007; Vass et al. 2009 ). Our results are consistent with these previous ones, but we have tested a much larger range of orbital parameters, including unrealistically low-energy mergers in which the virial mass increases more than expected from selfsimilar evolution. The fact that virial mass is not additive in halo mergers has important implications for semi-analytic models of galaxy formation, as discussed in (e.g. Kazantzidis et al. 2006; Valluri et al. 2007) . Similarly, as pointed out in Okoli et al. (2018) , boost factor calculations often assume that the virial mass is additive; relaxing this assumption would affect boost factor predictions considerably.
One additional result of this study is that the Einasto shape parameter αE typically decreases in mergers, although it can be increased in bound, low-energy mergers between close pairs. High peaks in the density field, and/or rapidly forming haloes, have higher values of αE (Gao et al. 2008; Ogiya et al. 2016) ; it is possible mergers have a role in producing these profiles. We have also examined the evolution of halo boost factors. Okoli et al. (2018) recently pointed out that the first microhaloes have higher central densities than predicted by concentration-mass relations calibrated at low redshift; if these densities are conserved, they would increase estimates of the boost factor by up to two orders of magnitude. Our results predict that the boost factor tends to increase as haloes evolve. Even in cases where the halo concentration decreases, the Einasto shape parameter generally decreases, resulting in increased boost factors. Thus, mergers seem unlikely to resolve the central density problem pointed out by Okoli et al. (2018) .
One of our original goals was to produce a prediction for how halo concentration changes in major mergers. Using fits to the evolution of the three Einasto parameters shown in Equations (9a)-(9c), we have produced predictions that match our simulation results to 10% on average. In most of our simulations, the scale radius r−2 increases less than expected for self-similar evolution. Self-similar evolution corresponds to a halo keeping the same concentration as it increase in mass; thus in most of our simulations the concentration parameter increases. Overall, it seems that while major mergers can cause systematic departures from self-similar evolution and corresponding changes in concentration, the pattern is opposite to what one might naively expect, in that energetic mergers (low κ values) increase the concentration while low-energy mergers decrease it. This is in contrast to Moore et al. (2004) , who concluded (from a single example) that high-energy mergers resulting in oblate haloes may decrease halo concentration. This could be because they assumed self-similar evolution in their concentration measurement. Our results are more consistent with Kazantzidis et al. (2006) , who concluded that haloes are robust to major mergers. Though they also found that the profile changes resulting from major mergers are subtle, their Figure 8 suggests that mass moves inwards for haloes with lower central densities, but outwards for haloes with high central density compared to the scaled initial models. This is similar to our results, where the high-central density EinLow haloes were the only initial models that produced remnants with decreased concentrations.
Given our results, if the central density in haloes does drop as they grow, the mechanism for this remains unclear. This could be because we have only considered the simplest model for major mergers; binary, equal-mass mergers of identical haloes that are spherical, non-rotating, and lack substructure. How these results extend to more realistic mergers in a cosmological context is also unclear; cosmological conditions are different because equal-mass and/or isolated binary mergers are rare. Given the merger remnant . Figure 16 . Relation between the change in boost factor and the change in concentration calculated as c = r vir /r −2 from the best Einasto fit. The virial radii were calculated using overdensities ρ = 0.1 ρ unit (top) and 0.008 ρ unit (bottom). Colours and symbols are as in Fig. 1 .
takes an orbital period or two to settle into virial equilibrium, multiple mergers staggered by some fraction of an orbital period might lead to a decrease in central density, an idea we will explore in future work.
In conclusion, we have explored how the density profiles and concentrations of dark matter haloes change in equalmass mergers. These mergers do not generally decrease the central density nor the concentration parameter, and often cause remnants to become more concentrated. This is a puzzle, given previous results suggesting the central density must drop as haloes grow. Our future work will explore more complicated and more realistic merger scenarios, to see if the trends found in this paper still hold in a cosmological setting. Figure A1 . The change in the inner slope, γ /γ, calculated between r = 0.1 r peak and r = 0.4 r peak as a function of the relative energy change κ. The dotted lines are the expectations for selfsimilar evolution of the density profile. Colours and symbols are as in Fig. 1 .
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APPENDIX A: INNER SLOPE
The relation between γ /γ and κ is somewhat similar to that between r peak /r peak and κ. Therefore, we also show the relation between γ /γ and r peak /r peak in Fig. A2 . This demonstrates a correlation between these two parameters, suggesting that the complicated changes in r peak may be due to a combination of mass rearrangement and evolution of the inner slope of the remnant.
APPENDIX B: COMPARISON OF DIFFERENT CONCENTRATION MEASUREMENTS
Since the halo remnants presented in this study are not, in general, self-similar to the ICs, we do not expect the relative change in concentration calculated using the method of Moore et al. (2004) , c M /cM , to match the actual value found by profile fitting. To demonstrate this, we compare c M /cM to the change in concentration measured through cEin = rvir/r−2 (calculated from the best Einasto fit) in Fig. B1 . As expected, there is a large discrepancy between these two measurements, further emphasizing that the profile remnants do not evolve in a self-similar manner. Inter- Figure A2 . The change in the inner slope, γ /γ, calculated between r = 0.1 r peak and r = 0.4 r peak compared to the change in the radius corresponding to the peak in the circular velocity curve r peak /r peak . Colours and symbols are as in Fig. 1 .
estingly, the ratio defined by Moore et al. (2004) does drop below 1 for many of our simulations, even though c Ein /cEin does not. In Fig. B2 , we also show c M /cM as a function of κ. Additionally, we compare concentration measured through either NFW or Einasto fits in Fig. B3 . The two methods roughly agree, though in general there is a larger concentration change predicted from the NFW fit compared to the Einasto fit. This is consistent with Klypin et al. (2016) , who showed that systematic errors in NFW fits over-predict the halo concentration by 10-20% for high-ν haloes-see also Dutton & Macciò (2014) ; Meneghetti et al. (2014) .
Since the traditional definition of the concentration parameter depends on the scale radius r−2, in Fig. B4 we compare the values measured directly from the density profile, as explained in Section 3.2, to the values derived from the NFW and Einasto fits. The Einasto fit predicts larger scale radii than the direct measurement, except in some of the simulations with low initial radial separations, and in general there is considerable scatter between the two sets of measurements. The values of r−2 from Einasto and NFW profile fits are in much better agreement, except for the case of the EinLow simulations, where the Einasto fit predicts systematically larger scale radii. Figure B4 . Comparison of the scale radius measured directly from the slope of the density profile (top), and determined from the NFW fit (bottom), to the value determined from the Einasto fit. Dotted lines indicate a 1-1 relation. Colours and symbols are as in Fig. 1 .
